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Introduction 
 

Breast cancer is the second most common female malignancy in the United States. The ability to 

detect malignancies in their earliest stages is of tremendous importance. Early detection has been 

shown to increase likelihood of survival [1, 2] and to reduce the risk of disease recurrence[3-6]. 

However, early detection continues to be a significant diagnostic challenge and thus remains the 

focus of attention of a number of medical research groups.  

 

Well-established detection techniques, most notably mammography, remain limited in their 

sensitivity to small-volume disease. Though mammography has been of great importance for 

detection of breast malignancies, many tumors have evaded detection by this method largely due 

to its limited contrast. The technique is particularly hampered by background interference such 

as increased tissue density or scarring from prior surgery. Functional imaging, which includes 

Magnetic Resonance Imaging (MRI) and Positron Emission Tomography (PET), has been used 

as a compliment to anatomical imaging and has shown significant potential to image functional 

characteristics of tumors [7]. However, the high cost and complex operational logistics of these 

modalities may limit their practicality for use in large-scale screening studies. 

 

An additional parameter that plays a vital role in breast cancer detection is the ability to detect 

specific disease signatures based on the molecular profile of the disease. Molecular imaging, i.e., 

imaging of cellular and sub-cellular processes that are associated with molecular onset and 

evolution of disease, can lead to increased sensitivity and specificity and can improve the overall 

performance of a diagnostic study. Improved specificity, based on the detection of molecular 

profiles, can lead to the overall reduction in unnecessary biopsies, which are associated with 

increased healthcare costs and patient distress, and thus can lead to personalized medicine. It is 

foreseen that such methods will help optimize therapeutic strategies and will enable the effects of 

treatment to be more closely followed in time scales of hours or days instead of the longer 

timeframe of weeks or months that is the current standard for on anatomical imaging methods. 

Some of our recent review articles [8] [9] provide more detailed discussions of molecular 

imaging in general, and one of our recent studies [10] demonstrates the ability of optical imaging 

to visualize disease response.  

 

Optical methods have emerged as economic, safe, and effective alternatives for functional 

imaging. Diffuse Optical Tomography (DOT) has been developed for imaging of breast cancers 

because of its ability to non-invasively quantify oxy- and deoxy-hemoglobin concentrations, 

which can be used to characterized angiogenesis and hypoxia [11-14]. In addition, DOT has been 

used in combination with MRI to detect tumors based on the extrinsically-administered contrast 

agent Indocyanine Green (ICG) that marks angiogenesis and permeability. However, these 

markers, though they enable DOT to effectively image well-developed tumors, are not ideal for 

detection of the earliest stages of disease. Consequently, while DOT may certainly be a useful 

tool for evaluating larger tumors, a more effective optical modality is needed for early detection. 
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Fluorescence Molecular Tomography (FMT) is a relatively new optical tomographic imaging 

approach that capitalizes on the strengths of molecular imaging. It bases detection on specific 

molecular signatures, using highly targeted fluorescent probes, rather than on anatomical or 

functional changes within tumor microenvironments. This approach yields a shift in the 

radiological paradigm that has traditionally focused on anatomy and physiology. Unlike DOT, 

FMT can three-dimensionally resolve protein expression, protease activity, receptor regulation, 

and similar molecular markers that play vital roles in carcinogenesis. It has been demonstrated 

in-vivo that NIR photons can penetrate more than 12 centimeters into the breast, and that 

fluorochromes accumulating in small tumors are detectable through the human breast[15].  We 

have previously shown that FMT is capable of resolving phantoms placed less than 1 mm apart 

[16]. More recently it has been shown that the technique can visualize apoptosis as a response to 

treatment[10]. Furthermore, because non-ionizing radiation is used, the technology allows for 

repeated imaging for screening or monitoring of disease. FMT thus holds great promise for early 

detection of breast malignancies. 

 

At the time of our grant proposal, several elegant targeted fluorescent probes had already been 

developed [17] [18]for use with optical methods such as FMT. Among the most notable of these 

were the so-called “smart” probes (also termed “activatable probes”), which are optically silent 

until they interact with a specific enzyme, such as a protease, which then activates the probe, 

converting it to a brightly fluorescent state [19]. These probes are powerful not only because of 

their specificity for cancer-associated enzymatic activity, but also because they significantly 

minimize background levels and exhibit several-fold amplification of fluorescence upon 

activation, enabling dramatic improvements in signal-to-noise contrast. Because activatable 

probes fluorescence only in the presence of specific tumor phenotypes, they can easily be 

localized and quantified against a virtually “dark” background, allowing for highly sensitive and 

specific detection. 

 

Our proposal suggested using a smart probe that is activated by major cathepsins, which are 

members of the cysteine family of proteases and play a central role in tumorigenesis and matrix 

invasion [20-22]. For example, it has been demonstrated that high levels of cathepsin B 

expression correlates positively with aggressive behavior and progression of human tumors and 

negatively with patient survival [20]. We therefore chose to evaluate the performance of this 

probe for imaging breast cancer development and progression. 

 

Until the study was supported by this grant, in-vivo imaging of such probes were limited to basic 

feasibility studies, generally involving imaging of xenographic implants in nude mice. Generally, 

it was unknown how early in disease progression such probes could be used to reliably detect 

malignancies, as the in-vivo sensitivity limits of FMT have not been rigorously explored. The 

goals of our proposal were primarily (1) to develop and optimize optical technology for highly 

sensitive detection; and (2) to evaluate the early-detection limits of FMT by conducting a blind 

screening study of transgenic mice that develop spontaneous tumors of the mammary fat pad, 

closely mimicking the natural development and progression of human breast cancer. We 
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proposed developing imaging tools designed to systematically reduce background noise levels 

and to improve fluorochrome localization and quantification. The study was designed to 

investigate screening efficacy and to predict sensitivity limits of human breast cancer. 

 

The hypothesis of this proposal is that highly sensitive fluorescence imaging (tomosynthesis) of 

molecular contrast will enable earlier detection of breast tumors based on signals associated with 

tumor growth and matrix invasion. We predicted that this technology could achieve high 

detection specificity. 

 

Our study had three major goals: 

 

Aim 1. To develop appropriate photon illumination and detection strategies and reconstruction 

methods for highly sensitive fluorescence detection and quantification. 

 

Aim 2. To utilize optimal photon technology from Aim 1 to study in-vivo detection of 

spontaneous disease in transgenic mice and to follow local disease progression and distant 

metastases. 

 

Aim 3. To translate the animal study findings into clinically-relevant detection schemes. 

 

The first of these aims was designed to find an optimal illumination technology and processing 

method in order to obtain the highest detection sensitivity of fluorochromes in tissues. We 

proposed investigating limited angle projections versus multi-angle illumination, planar 

illumination, and transillumination schemes. 

 

The second aim focused on the clinical relevance of FMT. We proposed a screening study 

involving transgenic mice that spontaneously develop breast tumors. Our interest was and 

continues to be primarily (1) to characterize detection capacity as a function of disease 

progression and tumor growth; and (2) to quantify fluorescence concentration in-vivo and 

determine whether it correlates with tumor expression profiles. This screening study would 

enable us to establish early-detection limits. 

 

The third aim was to translate the copious data acquired from exploring the first two aims into an 

evaluation of the clinical feasibility of FMT for early-detection of breast cancer. 

 

In the grant proposal we presented a timeline for accomplishing our primary aims for years 1 – 3 

of the study (Table 1). 
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We have successfully completed all goals The following sections provide a detailed description 

of the progress achieved in the past three years.  

 

 

AIM 1: METHOD DEVELOPMENT & OPTIMIZATION  

 

Construction of four-mode imaging chamber 

We successfully completed construction of a 4-mode, integrated illumination/detection 

small animal imaging system. A schematic of which is presented in Figure 1.  This system was 

based on a previously-reported scanner [16] with key advancements to accommodate all four 

illumination schemes that were described in the grant proposal, namely reflectance imaging, 

transillumination, tomosynthesis, and tomography.  

 

Reflectance Imaging The illumination 

branch (Figure 1, f, g) illuminates the 

animal through the chamber window, 

and reflected intrinsic or fluorescence 

photons are recorded on the CCD using 

band-pass filters. Figure 2 presents 

schematically the front-illuminating 

arrangement implemented.  

 

Transillumination. In this mode, each of 

the 46 source fibers directed toward the 

back of the imaging chamber (Figure 1, 

e and Fig.2) is sequentially switched on 

and the transmitted pattern is filtered 

with appropriate intrinsic or fluorescence 

 
 

Figure 1: FMT imaging system. 
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Figure 2: Detail of the imaging 

chamber shown in Fig.1 and modes of 

illumination.   

band pass filters, and photons are recorded on the CCD camera. The resulting images are added 

together to create a composite image, which is geometrically similar to an X-ray mammogram. 

The fluorescence composite image may also be divided by the intrinsic composite image to 

generate a normalized image, which significantly reduces sensitivity to background 

heterogeneity and thus provides a more accurate image. In 

the second year we further upgraded this system in a fiber-

free implementation by using motor stages to translate a 

single optical fiber emitting light focused on the animal 

surface, thus implementing significantly higher 

illumination versatility. 

 

Tomosynthesis. Limited angle projection FMT was further 

implemented, serving as FMT equivalent of tomosynthesis. 

For this approach data is gathered in the same manner as in 

the transillumination approach; however, unlike 

transillumination, tomosynthesis involves applying 

algorithms to the data that solve a volume integral equation 

relating spatially-distributed fluorochrome concentrations 

(in physical units) to the transillumination measurements. 

This offers more accurate quantification compared to 

transillumination. 

 

Tomography. To achieve superior imaging performance it is important to illuminate using a large 

number of projections and detect signal around the animal, similarly to other tomographic 

techniques such as X-ray CT, PET or SPECT. For this reason we have implemented the 

rotational device (Figure 1, m and Fig.3) which rotates the object of interest in front of the 

illumination path and CCD camera to implement a number of projections. In this mode data can 

be collected in 360
0
 projections and offer true three-dimensional tomographic imaging. 

   
 

Figure 3: Photograph of FMT imaging system (left), a close-up photograph of the system (middle), and a 

photograph of the rotational stage with a mouse in place in the holder (right), which can be placed into the imaging 

chamber for complete projection (360
0
) geometry. 
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Multi-spectral imaging 

Dual wavelength imaging was also developed for allowing the ability to simultaneously 

resolve and differentiate probe bio-distribution and activation. Simultaneous imaging of different 

functional and molecular characteristics in-vivo can offer complementary information and 

significantly improve the accuracy of the findings. This can be achieved by elucidating coupled 

pathways at the cellular and sub-cellular level. This is a significant development and very 

relevant to cancer imaging. Dual wavelength capability was achieved by the addition of an 

additional laser and set of filters. The selection of the wavelengths was done based on the 

commercial availability of efficient fluorescent dyes. We selected illumination at 671nm and 

748nm to illuminate popular fluorochromes that are commercially available and are typically 

used in the synthesis of fluorescent probes, for example the Cy5.5 dye (Amersham, Piscataway, 

NJ) or AlexaFluor 680 dye (Invitrogen, Carlsbad, CA) for the 671 wavelength and AlexaFluor 

750 dye (Invitrogen, Carlsbad, CA) 748nm. Illumination in both cases was performed with CW 

laser diodes (B&W Tek, Newark, DE) which are time-multiplexed using a 2x1 channel optical 

switch Fig.1(ix) (DiCon FiberOptics, Berkeley, CA). The output of this switch is connected to 

the motorized fiber and its output is focused on the animal surface. Photon detection is based on 

a 512x512 element cooled CCD camera (Roper Scientific, Trenton, NJ) coupled to a AF Nikkor 

35mm, f/2.8D lens (Nikon, Melville, NY) which is focused on the chamber's detection window. 

The CCD detector offers quantum efficiency of 60\% or better for the spectral region of 370nm 

to 830nm and therefore it is well suited for multi-spectral application in the NIR. 

3-cavity band-pass (Andover Optics, Salem, NH) and long-pass filters (Omega Optics, 

Brattleboro, VT) were used to effectively block excitation light an minimize cross-talk between 

fluorescent dyes while maximizing transmission at the selected wavelengths. Filters were also 

used for the excitation wavelengths. Laser diode signals were pre-conditioned with a 671DF10 

bandpass filter (Omega Optics, Brattleboro, VT). Pre-filtering the laser to remove unwanted 

wavelengths and harmonics improved cross-talk by a 4 fold decrease. Excitation measurements 

were performed through bandpass filters (Andover Optics, Salem, NH). Emission data was 

collected through a combination of a long pass and band pass filter (Longpass filter: 695nm, 

bandpass 710nm +/-20nm for the Cy5.5 measurements and longpass filter: 770nm and bandpass 

at 800nm +/- 20nm for AF750 based measurements)  

 

Development of imaging algorithms  

In the course of the proposal we developed tomographic algorithms that fundamentally 

improve the accuracy of fluorescence imaging based on photon propagation models in tissues. In 

particular, we developed imaging algorithms for trans-illumination as well as advanced 

background fluorescence subtraction techniques (reported in Ref. [23]). We also evaluated 

algorithms for robust imaging within highly heterogeneous backgrounds, suitable for in-vivo 

imaging [24, 25]. Lastly, we adapted algorithms already designed for tomosynthesis to complete- 

projection imaging [26].  Through implementation of several phantom studies, we then evaluated 

the developed algorithms in order to assess the overall performance of the method. We 

specifically constructed highly heterogeneous phantoms (of solid and liquid diffusive media), 

intended to best simulate the varying optical properties that are likely within breast tissue.  
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The tomographic approach employed was based on a self-calibrated algorithm for diffuse 

fluorescence reconstructions developed specifically for imaging fluorochrome distribution in-

vivo. The algorithm has been implemented into functional code using Matlab on a personal 

computer and is based on previously developed analytical solutions for fluorescence propagation 

in diffuse media. In its general form, the algorithm constructs a synthetic measurement 

( , )s s dU r r
r r

detected at position dr
r

due to a source at position sr
r

, which is written as  

 

),()(),((
),,(

1

),(

),(),(
),(

2

2

1

0

3

1

0

0

λ

λ

λ

λ

υ
krrG

D
rnkrrUrd

krrUrrU

rrUrrU
SrrU ds

dsdsinc

dsbldsfl

dss

rrrrr
rrrr

rrrr
rr

−⋅⋅−⋅=
−

⋅= ∫    (1) 

 

where ),( dsfl rrU
rr

, ),( dsinc rrU
rr

are measurements at the emission and excitation wavelength 
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rr

= fΘ · ),( dsinc rrU
rr

is the bleed through signal, fΘ is the band-pass filter 

attenuation factor, 0S  is a gain term that accounts for instrument gain differences at the 

excitation (λ1) and emission λ2) wavelengths, )(rn
r

is the product of the fluorochrome absorption 

coefficient and fluorescence quantum yield, 1λ
k , 2λ

k  are the wave propagation vectors at λ1and  λ 

2 respectively, υ  is the speed of light into the medium, 2λ
D  is the diffusion coefficient at the  λ2, 

),( 1
0

λkrrU s

rr
−  is a term that theoretically describes the established photon field at position r

r
 into 

the medium at λ 1 and ),( 2λkrrG d

rr
−  is a term that describes the propagation of the emission 

photon wave from a fluorochrome at position r
r

 to the detector.  

 The terms 0U , G , also referred to as the “forward model”, are calculated analytically or 

numerically. Both analytical and numerical-differences methods for obtaining the functions U0 

and G are currently available in our laboratory for two- and three-dimensional forward problem 

and for arbitrary boundaries. The calculation of these functions with complex boundaries, based 

on the Kirchhoff approximation, and for non-contact measurements has been published. Eq.1 is 

typically discretized over the volume investigated and the discrete problem is then inverted or 

minimized. For reconstruction purposes algebraic reconstruction techniques, singular value 

decomposition and regularization or conjugate gradient methods are used. Experimentally, we 

have found the algebraic reconstruction technique and the statistical inversion method described 

in the following to perform optimally for breast cancer imaging.  

 

Implementation of non-contact measurements 

Lens-coupled CCD measurements, in contrast to fiber measurements (contact 

measurements), detect light from the body surface at angles that are not always normal to the 

surface. This is especially true for measurements performed without the matching fluid. In these 

cases it is required that the angle between the normal unit vector to the detector plane and the 

normal unit vector to the surface S of the diffuse medium or animal imaged is taken under 

consideration. Assuming a 3D boundary with a unit vector from the surface, the field actually 
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Figure 4. Geometry assumed in non-

contact formulation 

detected by the CCD camera can be written for the angle dependent expression for outward flux, 

which is written as a summation of all surface elements:  
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where the term ξ is the visibility factor, which is either 

unity if both points pr
r

 and dr
r

can be joined by a straight 

line without intersecting the surface interface (i.e. when 

they are visible to each other), and where n̂ is the surface 

normal of the detector where the flux Jdet is measured.  

 

Statistical inversion of the normalized Born  

Central to the ability of FMT to operate in-vivo, in 

the presence of significant optical heterogeneity is the use 

of the normalized Born (nBorn) approximation, i.e. a 

normalization scheme that divides fluorescence 

measurements with corresponding measurements after 

tissue illumination at the excitation (and possibly the 

emission) wavelength and similarly normalizes the 

theoretical model used for photon propagation (for 

method details See Refs. [30] [24]). In Ref. [24] we studied the nBorn accuracy, as a function of 

background optical heterogeneity, and found that up to 4x background attenuation changes (due 

to scattering or absorption), with size and spatial heterogeneity similar to that seen in tissues 

leads to less than 15% errors on the intensity of the reconstructed fluorescence activity on the 

FMT image and less than 7% on the reconstructed size of objects. Conversely the nBorn ratio 

comes with the significant shortcoming that very low intensities (or noise) at the excitation 

wavelength, combined with high values at the emission wavelength creates abnormally high 

ratio’s and leads to noise or artifacts to appear in the images.  

To account for the nBorn limitations, we have recently considered a statistical inversion 

scheme [31]. The underlying problem solved in this development is that although the individual 

measurements at each wavelength can be modeled with reasonable accuracy using the Gaussian 

approximation of the Poisson-distributed optical measurements, the ratio of two Gaussian 

random variables (RV’s) produced by the nBorn ratio normalization does not lead to an easily 

tractable distribution. The most commonly known example is when both random variables are 

zero mean with unit variance, which leads to a Cauchy density. Introducing non-zero means 

complicates the distribution, and the density of the ratio does not lend itself to a simple 
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relationship between the data and the unknowns. We have therefore derived an approximation to 

the distribution of the nBorn value which involves repeated solution of an iteratively re-weighted 

conjugate gradient problem [31]. The weights in this formulation play the role of data-derived 

thresholds, automatically determined by the statistical model, based on the experimental signal to 

noise ratio (SNR) in the measurements. An approximate maximum likelihood solution can be 

derived from this statistical model, that takes the form of an iterative method, , x
n+1

=ζ(xn
), where  
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in which Q(x),q(x) and g(u,x) are functions that depend on statistical characteristics of the 

normalized Born data ui and effectively weight the sensitivity matrix W (forward model). Details 

on the derivation of functions Q,q,g for this formulation are rather complex for detailed 

description in this section and are instead included in Ref. [32]. Here we showcase the effect of 

the equivalent thresholds calculated by this method on raw data obtained experimentally from an 

experimental Her2/neu animal, with a tumor visible on the upper torso of the animal, marked by 

an arrow in Fig.5.  Fluorescent signals from the tumor following administration of a cathepsin-

sensitive fluorescent probe described in Ref.[18] resolved increased presence of the enzyme in 

the tumor compared to the healthy mammary. Images from the control mouse (not shown here) 

did not show significant 

fluorescence activity. The 

large boxes on Fig.5 b,c 

indicate the detector FOV. 

Fig.5 b,c depict FMT (tomo-

synthesis) images in color, 

obtained with an empirical 

threshold (b) vs. using the 

statistical inversion method 

(c). The statistical inversion 

shows image quality that is 

identical to the best tuned 

manual threshold showing a 

method appropriate for 

imaging fluorescence activity 

tomographicaly without the 

need for user input, i.e. 

automatically.   
 

 Imaging at highly heterogeneous backgrounds.  

One of the common criticisms concerns the performance of optical methodologies in 

tissues with high background optical heterogeneity. Recently however it has been demonstrated 

that methods that employ fluorescence measurements normalized by corresponding signals 

obtained in the excitation wavelength are not sensitive to background optical heterogeneity [33, 

 
Figure 5: Photograph of a Her2/neu mouse positioned in the imaging 

chamber. The arrow indicates the presence of the tumor. (b) Fluorescence 

image in color reconstructed using user-defined thresholds, based on a 

cathepsin-sensitive activatable fluorescence probe superimposed on image (a). 

The image shows increased fluorescence and therefore cathepsin activity in 

the Her2/neu tumor. (c) the same image as in (b) reconstructed using 

automated thresholding via the statistical nBorn I nversion.  
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Figure 6: Imaging at highly heterogeneous backgrounds. (a)-(d) A fluorescent tube, representative of a tumor, 

was imaged at the presence of an increasing surrounding absorption. The numbers in the white circles indicate 

the absorption contrast of this tube relative to background (i.. 3x, 4x etc). (e)-(h) Images showing a slice passing 

from the middle of the chamber. In all cases the tube reconstructs very accurately despite the background 

absorption. The images showed a quantification variation of the order of 20% in this case. 

34] [25]. We have previously proposed and adopted a normalized inversion technique because it 

yields computationally efficient reconstructions [30] . We further tested this method with highly 

heterogeneous backgrounds and one paper is now published with those findings [25].  

Some of the most interesting results are summarized in Fig.6 where it can be seen that the 

method is very robust in reconstructing even at a high degree of background absorption 

heterogeneity. This study proves that the proposed methods are well suited for in-vivo imaging 

of mice or human breast, where high degree of background optical property variation is expected 

due to the close proximity of several organs or tissue structures with different optical properties.  

 

Phantom studies 

In addition to the ones discussed already, we performed extensive phantom studies to 

evaluate algorithmic performance and assess the overall performance of the method. In particular 

we constructed optically heterogeneous phantoms using combinations of solid and liquid 

diffusive media and investigated the performance of the methods with a varying degree of 

heterogeneity and background fluorescence. In addition we streamlined the developed of resin 

phantoms, of different optical properties that can simulate tissues of different optical properties 

(for example varying optical properties in the breast due to aging); results that are now in press 

[35]. Some of the most relevant studies are described in some more detail in the following: 

 

Imaging fluorochromes in diffusive media 

We undertook studies to compare the performance of planar and tomographic methods to 

quantify fluorochromes as a function of depth and optical properties. Here we summarize some 

of the most relevant and representative findings, from a significantly longer list of measurements 

and studies (some also shown in Fig.6).  
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One study compared planar imaging and tomosynthesis (tomographic) performance in a 

side by side comparison. Shown in Figure7a is imaging of two ~1.5mm diameter fluorescent 

tubes (500nM Cy5.5, 3mm apart) immersed at different depths in a water solution of intralipid 

and India ink simulating the optical properties of tissue. Both modalities resolve the tubes when 

placed superficially although FMT offers better resolution. However, detection becomes highly 

challenging as a function of depth for planar imaging with the tubes barely visible even 3mm 

deep. Depth sensitivity highly depends on the size and strength of fluorochrome, but the images 

contrast the superior ability of tomography to look deeper in diffuse media and with higher 

resolution, using in this case identical hardware to the one used for planar imaging. The color 

images are reconstructed slices obtained at different depths and superimposed on gray scale 

 
Figure 7: Side-by-side comparison of planar and tomographic imaging (a) 

as a function pf depth, (b) as a function of varying local optical properties, 

and (c) as a function of heterogeneity. In all cases tomosynthesis 

(tomography) is shown superior to planar imaging. 
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photographs of the tubes for visualization purposes. Similar results are obtained in comparisons 

of transillumination and tomography, although transillumination can still record objects deeper 

than in planar imaging. Similarly, the ability to image fluorochromes with varying background 

optical properties is showcased in Figure 7b, which depicts planar and reconstructed images of 

two fluorescent tubes, the left tube containing double the amount of Cy5.5 in the right tube 

(400nM vs. 200nM). The tubes are immersed in the same diffuse fluid as in (a). Both techniques 

accurately resolve the 2:1 relation in fluorochrome concentration between left and right tubes 

when background absorption is the same in both tubes (top row). However when India Ink is 

added in the left tube to simulate a three-fold increase in vascularization (absorption), planar 

performance is significantly reduced, erroneously reporting a 1:1 Cy5.5 concentration in the two 

tubes (bottom row). This is because the added ink absorbs more fluorescent photons. In contrast 

tomography can correct for these phenomena and demonstrates more robust performance 

reporting 1.8:1 relation in this case. Finally, Figure 7c demonstrates the capacity of tomography 

to resolve a single fluorescent tube in the middle of a highly diffusive medium when it is 

asymmetrically surrounded by 5 strong absorbers of 2x and 3x the background absorption and of 

comparable sizes. This result demonstrates the robustness of tomography to image highly 

heterogeneous media, an ability that is mainly due to the data normalization techniques (image 

labeled nborn) employed tomographically. Absence of normalization results in distorted 

tomographic imaging performance (shown in the image labeled nBorn). Both images are slices 

from a three dimensional reconstruction obtained at 9mm depth.  Planar imaging could not detect 

the presence of a fluorochrome in this highly absorbing and heterogeneous background.  

Overall, these findings exemplify that planar (reflectance) imaging should be used with 

caution. Signal intensity relates linearly to fluorochrome concentration but non-linearly to depth, 

size and optical properties and is further complicated by the high scattering nature of tissue. 

Tomosynthesis and tomography have the potential to improve on these limitations and to offer 

more robust and accurate imaging. 

 

Algorithmic testing - statistical inversion  

The statistical inversion method described in the previous section concentrated on 

establishing a uniform basis from which to compute reconstructions.  This allows for greater 

consistency between data sets, which in turn enables easier and more accurate analysis of the 

resulting images.  It has been understood that by taking the ratio of emission over excitation 

signals, information about the noise in those signals is obscured, and intensity is no longer an 

appropriate indicator of signal to noise ratio (SNR).  Because of this, highly noisy data points 

may be heavily weighted when using all data points to compute an image, resulting in a poor 

result.  The previous solution to this dilemma was to remove data pairs from the inverse solution 

based on minimum signal thresholds for each of the fluorescence and excitation signals [30]. 

Data pairs were then removed from the reconstruction algorithm when one or both of the 

received signals failed to meet the minimum requirements. While effective, this method was 

highly variable, and required a considerable amount of user input in order to operate effectively.  

This increased the variability of the reconstructions, not only from one mouse to another, but 

even with regards to a single mouse imaged at different times.  As such, direct comparison of 
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such reconstructions was more challenging. The direct inversion method was applied to in-vivo 

data as shown in Fig.5, but was first extensively tested in phantoms.  One example imaging two 

fluorescent tubes at two different depths (z=0.42cm and z=1.25cm) is shown in Fig.5, immersed 

in a chamber containing an intralipid – India Ink solution with absorption coefficient of 0.2cm-1 

and reduced scattering coefficient of 15cm-1. The tubes were made of semitransparent plastic, 

sealed on one end and containing the same intralipid – India Ink solution and 200nM of the 

Cy5.5 fluorescent dye. 

 

By forming a maximum likelihood (ML) 

problem we obtained, similarly to the 

analysis that led to Fig.5, a solution 

which optimally weights each of the 

individual data points. The weighting of 

each raw datum collected is 

automatically determined based on the 

signal to noise characteristics of the 

measurement and requires no user input. 

Starting from the complete statistical 

problem statement, the constructed 

inversion approach is more reliable in 

handling various amounts of signal and 

noise in the data as shown in 

experiments from phantoms in intralipid 

(c.f Fig.8), euthanized mice with 

implanted tubes (not shown, but in Ref. 

[32]), and in-vivo imaging sessions (c.f 

Fig.5). In particular in Fig.8 it is shown 

that the best images that can be reached 

by manual data-threshold (5b, 5c), 

achieved by trial and error from a user, 

produces the same result as the 

automated method using statistical 

inversion (5e, 5f)   The advantage that these new methods have is in their automated nature.  

Rather than requiring multiple inversions in order to determine the best threshold levels, our 

statistical methods need only be run once. Importantly it requires no user input that makes it a 

very robust approach for quantification studies in multiple animal and imaging sessions, such as 

the ones proposed herein; yet the resulting answer is of equal or better quality than those 

obtained using threshold methods, and is more consistent across multiple data sets. 

 

 

 

Figure 8: Dual Tube Phantom: (a) Reflectance Fluorescence 

image (b) Manual Threshold: Coronal slice through tube at 

z=0.42cm (c) Manual Threshold: Coronal slice through 

z=0.42cm (d) Flat image (e) Statistical inversion: coronal slice 

through z=0.42cm, (f) Statistical inversion: coronal slice 

through z=1.25cm. In all images, z=0cm corresponds to the 

source side, with total slab thickness of 1.3cm (c.f. Fig.2). The 

red box in the image denotes the boundary of the solution space. 
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Algorithmic testing – dual-wavelength imaging  

We performed extensive characterization of the spectral separation ability of this system. 

A related result based on experimental phantom measurement is shown in Fig. 9. The figure 

shows two tubes placed in the system 

imaging chamber and photographed 

before the addition of intralipid with 

optical properties those of the human 

breast. The left tube contained 250nM 

of the Cy5.5 dye (emission max : 

690nm) and 500nM of the AF750 dye 

(emission max : 770nm). The right 

tube contained 500nM of Cy5.5. and 

250nM of AF 750. The fluorescence 

appearance of the tubes, when imaged 

with the dual wavelength FMT system 

clearly shows the 1:2 and 2:1 ratio 

when the tubes are imaged at the 

Cy5.5.   (top row) and AF750 channel 

(bottom row) is shown in the middle 

column marked “FRI”, which is a 

fluorescence photograph of the tubes in he absence of a surrounding diffusive material . Finally, 

FMT images after the tubes were immersed in a highly-diffusive breast-like fluid also 

demonstrated the same separation. In all cases the cross-talk between the two channels was 

found to be less than 1% using the filter combination described above.  

 

 

Algorithmic optimization and testing 

– in-vivo studies A total of 8 mice, 

from a significantly larger pool of 

animals imaged in-vivo, served to 

produce training sets for data 

optimization. Our development of 

the statistical inversion method for 

automatic setting of data parameters 

required no algorithmic optimization 

in the “traditional” sense, i.e. by trial 

and error. Instead this training set 

was used to confirm that the 

measurements and corresponding 

predictions of noise models, 

necessary in the operation of the 

statistical inversion method, that was 

 
Figure 9: Separation of fluorochromes at different wavelengths 

using the dual wavelength system . (see text for details) 
 

 

 
Figure 10: A mouse imaged prior to visible manifestation of 

tumors and subsequently imaged on a weekly basis to follow tumor 

growth from 3 mm to 6 mm in diameter. The mouse was injected via 

tail-vein with 2 nmol of a cathepsin-activatable NIR probe 24-hours 

prior to each imaging session. 
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performed as part of the algorithmic development performed accurately not just in the case of 

well controlled phantoms but also in-vivo. Tumor growth studies, confirmed against caliper 

measurements demonstrated accurate delineation of tumor volume. A representative example is 

shown in Fig.10. Independent tests of the correlation of protease activity in these tumors, further 

confirmed the quantitative ability of the method. A significantly larger data sample is included in 

the in-vivo studies, showing a linear trend between protease activity and tumor size / growth. 

 
AIM 2: IN-VIVO STUDIES  

 

Transgenic mouse models  

We successfully established an MMTVneu transgenic mouse colony (c-neu oncogene; strain 

name FVB/N-TgN(MMTVneu)202Mul, Jackson 

Laboratory, Bar Harbor, Maine) for the purposes 

of these studies as proposed in the grant proposal. 

In this model, the mouse mammary virus tumor 

(MMTV) promoter directs expression of the c-neu 

oncogene to the mammary fat pads. The model 

was originally reported to develop mammary 

tumors in 50% of females by 89 days, but 

ultimately there is 90% penetrance by 5-6 months. 

The major reason of establishing a colony was to 

eliminate all availability issues that may arise 

when requesting such a popular transgenic strain 

from an outside supplier, expediting the progress 

of our intended studies.  Genotyping results, 

performed in all animals originally received, 

confirmed the presence of the neu transgene as 

shown in Fig.11. Similarly Western blots performed on each tumor imaged (not shown) 

demonstrated elevated levels of protease activity (cathepsin B,S and MMP 2/9). 

 

In-vivo imaging studies – screening and tumor growth.   

Significantly evolved fluorescence imaging studies were achieved in the course of this 

grant proposal that went beyond the original expectations, due to technological and 

methodological advances that were achieved in the course of this development. Importantly, dual 

wavelength imaging allowed not only for resolving a cancer related bio-marker but also in 

accurate quantification via the co-injection of a vascular probe characterizing tumor angiogenesis 

and permeability. While this measurement of angiogenesis and permeability is useful metric of 

tumor growth on its own, it becomes significantly more important as it can independently 

characterize the bio-distribution of the protease-sensitive molecular probe. Therefore delivery 

and presence of biomarker can be independently characterized. In total, 16 animals were imaged 

using single wavelength imaging and 55 animals using dual wavelength imaging. Dual 

wavelength imaging consisted of the simultaneous injection of 2nmol of an NIR cathepsin-

 
Figure 11: Agarose gel displays results of 

genotyping of MMTVneu transgenic females. PCR 

was performed using primers designed specifically 

for the rat Her-2/neu oncogene. The appropriate 600-

700 bp neu transgene is present in all animals 

received. 
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Figure 12: Dual wavelength FMT of mouse with 7 mm tumor. Top 

row: FMT of cathepsin-activatable NIR probe shows strong signal 

selectively within the region of the tumor, indicative of increased 

cathepsin activity within the tumor and its microenvironment. Bottom 

row: FMT of NIR vascularization agent, showing increased probe 

distribution not only throughout the tumor but also the surrounding 

regions, which is consistent with increased tumor vascularity. Note 

that the measurement of activated cathepsin probe is contained within 

the measurement of probe bio-distribution, as expected. 

 

activatable probe (ProSense, Visen Medical, Woburn, MA) and an NIR vascularization agent 

(AngioSense, Visen Medical, Woburn, MA) via tail vein 24 hours prior to imaging of transgenic 

mice bearing developing tumors. The Angiosense is essentially the same molecule as the 

Prosense, albeit with less 

fluorochromes loaded to avoid 

quenching. Therefore the probe 

is always “on” and allows for 

visualization of the 

biodistribution of ProSense 

which generally activated only in 

the presence of proteases 

(cathepsins).  Figure 12 

demonstrates FMT of a her2/neu 

mouse bearing a 7mm tumor. 

The cathepsin-activatable NIR 

probe shows strong signal 

selectivity within the region of 

the tumor, suggesting elevated 

cathepsin activity at this location 

(top row).  At the same time, the 

images in the bottom row 

resulted from FMT of the NIR 

vascularization agent and clearly 

indicate increased probe 

distribution not only within the 

tumor but throughout the 

surrounding area, consistent with 

increased tumor vascularity. 

Thus inclusion of the fluorescent 

in vivo blood pool imaging agent not only provides reliable, non-invasive imaging of vascularity 

but also enables quantification of delivery of both probes by serving as an internal control. 

The dual wavelength approach can be particularly useful in instances where limited 

fluorescence activity is recorded from legions of interest. For example, if low activity is recorded 

in the ProSense channel, the dual wavelength approach can readily identify if this is due to lack 

of probe delivery and target accessibility or otherwise if it is due to lack of enzymatic activity.  

Figure 13 shows a similar imaging session to the one shown in Fig.7 from a different 

mouse with a tumor grown in the lower left mammary region measuring ~4mm in size. Similarly 

this MMTVneu female mouse was injected with the NIR vascular contrast agent (AngioSense 

750) and the cathepsin activatable (ProSense 680) smart probe 24 hours prior to imaging.  In this 

example we were again able to explore the bio-distribution of the probe through simultaneous 

detection of the vascular agent.  The AngioSense signal may be again noted as extending far 
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Figure 13: FMT of mouse with 4 mm tumor. Similarly to Fig.12 Top 

row: FMT of cathepsin-activatable NIR probe shows strong signal 

selectively within the region of the tumor, indicative of increased 

cathepsin activity within the tumor and its microenvironment. Bottom 

row: FMT of NIR vascularization agent, showing increased probe 

distribution not only throughout the tumor but also the surrounding 

regions.  
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Figure 14: In-Vivo NIRF signal measured in Tumor 

and Muscle for each Probe 

beyond the region of the tumor itself suggesting that an increase in local vasculature has 

occurred   

Statistical analysis of the 

entire sample revealed that 

protease related signals can 

reproducibly resolve tumors as 

small as ~3mm in diameter. 30 

animals entered the screening 

study and were imaged with a 

protease-sensitive probe 

(ProSense probe) and the 

AngioSense probe in the second 

spectral channel, whereas 

another 10 animals were imaged 

in screening mode for the 

detection sensitivity achieved 

when imaging matrix 

metalloproteinase (MMP’s). (15 

more animals were imaged for 

tumor growth and identification 

of secondary cancers as 

described later). The results, 

summarized in the following 

charts, demonstrated a robust 

correlation between protease 

activity (normalized to the 

Angiosense signal) and tumor 

growth. Overall tumors as small as 3mm in 

diameter could be detected based on the 

protease signatures.  

 

All tumor regions above 3mm in diameter 

were clearly visible in near-infrared images 

for each probe; with tumor fluorescence being 

2.2, 1.6 and 1.8 times higher than background 

fluorescence measured in non-diseased tissue 

for Prosense, MMpSense and Angiosense, 

respectively. While these are generic metrics 

of the overall performance achieved in the 

studies, Fig.15 and Fig.16 summarize 

individual cathepsin- and MMP2/9-resolving 

studies for individual animal cases. These 
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figures summarize the major findings in this study, in regard to the sensitivity and differentiation 

ability of tumors using quantitative fluorescence imaging, while a significant number of 

additional analyses have been performed and are prepared for publication.  

 

 
Figure 15. Cathepsin expression normalized to fluorescent probe bio-distribution (i.e. vascularization and 

permeability) 

 

 
Figure 16. Matrix metalloproteinase expression normalized to fluorescent probe bio-distribution (i.e. 

vascularization and permeability) 
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Figure 17: Her-2 transgenic mouse bearing 10mm

2 
upper right and 5mm

2 
upper left mammary 

tumors imaged with ProSense (a) and AngioSense (e), Her-2 transgenic mouse bearing 5mm
2 

upper 

right and 3mm
2 

upper left mammary tumors imaged with MMPSense (b) and AngioSense (f), Her-

2 transgenic mouse bearing 3mm
2
 abdominal mammary tumor imaged with VEGF probe (c) and 

AngioSense (g), MDA-MB 231 tumor cell xenograft model bearing 10mm
2 

upper right mammary 

tumor imaged with ProSense (d) and AngioSense (h). 

.  

First, cathepsin-based tumor detection yielded brighter fluorescence signals compared to MMP-

based differentiation. Second, a linear correlation is observed between the fluorescence signal 

observed and tumor volume. This is generally expected as increased tumor volume will contain 

more fluorescence probe. Importantly however these are normalized signals to the tumor 

vascular volume fraction and permeability, therefore they reflect true protease up-regulation with 

tumor volume, not simply the result of fluorochrome pooling in the tumor. Overall, despite 

considerable tumor heterogeneity in terms of intra-tumoral fluorescence distribution, 

fluorescence signals measured in tumor region of highest protease expression (using manually 

drawn regions of interest ROI’s) yield very similar results to analysis performed by taking ROI’s 

at the entire tumor volume. This observation held for both Cathepsin and MMP signals.   

 

Regarding early detection of tumor development, our final data analyses indicated 

considerable capacity for successful identification of tumors as small as 3-4mm in diameter ( ~ 

50µL see Fig.15, 16). The findings suggest that for tumors smaller than this metric, no significant 

protease activity exists to produce detectable signals. The contrast achieved varied significantly 

from 1.6 for the smaller range of tumors to more than 3-fold in some larger tumors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

 

 
 

Figure 18: Tomographic slice (z = 1.28 

cm) revealing a 1 mm tumor in the right 

mammary fat pad of mouse 

 

Next, beyond consideration of the sensitivity of our approach for detection of the onset of 

tumor formation, we also evaluated tumor development over time as a function of protease 

activity, vascular volume, etc. in a number of individual mice over a course of several weeks.  

This was done in the interest of monitoring disease progression and evaluating the extent of the 

appearance of secondary foci or metastatic disease. Similarly, a number of different probes were 

employed so as to address various parameters of tumor growth and development, i.e. we gauged 

again the activity of a variety of cysteine proteases (cathepsin B, L, etc) and matrix 

metalloproteinases (MMP 9, 2, etc.) as well as the accessibility of targeting the vascular 

endothelial growth factor receptor at the tumor location (figure 17a-d; and appended poster 

presentattion).  In particular, figures 17 a, b also indicate the potential for detection of secondary 

tumor locations (black arrows), visualized following a primary tumor, which were 3-5mm in 

diameter (upon the follow-up examination).  In the case of the mouse probed with MMPsense in 

2b, the 3mm
2
 secondary tumor may be noted as exhibiting nearly twice the level of protease 

activity as that observed in the larger primary tumor (5mm
2
). The animals represented in figure 

17, were simultaneously evaluated for overall success of probe delivery to the tumor site/s 

through observation of the distribution of the accompanying intravascular agent (AngioSense) 

within the developing vasculature surrounding the regions of interest (figure 17 e-h).  In this 

way, we were able to acquire a most accurate indication of the general profile of the respective 

biomarker with confirmation of its potential for distribution to the given tumor in each animal. 

Observations on 15 animals demonstrated nearly identical findings.   

 

To further improve early detection, we further 

investigated in a pilot study the ability of 

targeted, antibody based probes; in this case 

the Her-2 antibody conjugated to Cy5.5, also 

injected into a transgenic mouse 24-hours 

prior to imaging. In this case, fluorescence 

imaging was able to resolve tumors as small 

as 1 mm tumor (n=3; tumors measured across 

their apparent diameter using calipers; see 

Figure 18). This finding demonstrates 

selective probe bio-distribution at early stages 

of disease progression and represents a 

significant achievement toward the goal of 

early detection. While antibody based 

detection was not part of the original aims of 

this proposal, this study can serve as 

preliminary results to showcase the potential 

for even more sensitive detection, beyond the 

3mm limit identified for protease based 

probes.  
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Figure 19. Silicon breast 

phantom constructed  

AIM 3: CLINICAL TRANSLATION   

 
Breast Imaging Phantoms 

We researched two manufacturing methods for developing diffusing phantoms that can 

be fluorescing and these methods are now in press [35]. Specifically, silicone rubber and 

polyester casting resin are used as base materials, and silicone pigments and TiO2 / India Ink are 

added to vary the optical properties (scattering and absorption), respectively. Fluorophores are 

then added to the silicone and resin, if the phantom is to be made fluorescent, and solidifying 

agents are added to cure the samples. Hydrophobic (IR-780 Iodide) and hydrophilic (Cy5.5) 

fluorophores were tested successfully in the silicone and resin standards, respectively. 

Photograph of one phantoms constructed can be seen in Fig.19. Analytical details are presented 

in Ref. [35]. 

Quantification of the phantom’s optical properties has been done using time-resolved 

methods. In short, a wavelength tunable femto-second laser (MaiTai, Spectra-Physics, Mountain 

View, California) with a pulsewidth of approximately 100 fs was coupled to a scanning 

galvanometer.  The laser light could be scanned in a non-contact 

manner across a sample as desired.  The transmitted light was 

detected with a Cooke SensiCamQE CCD camera coupled with a 

gated image intensifier (LaVision Picostar HR12, LaVision GmbH, 

Goettingen, Germany).  A high-rate imager (Kentech Instruments 

Ltd., Oxfordshire, England) and a picosecond delay unit (Kentech) 

allowed acquisition of images with gate widths of 200 ps with a 

temporal step size of 25 ps. 

Using computer software, the images can be analyzed to 

yield multiple photon-profile curves as a function of time and radial 

position from the source. By fitting these curves with the time-

dependent diffusion equation, the optical coefficients can be 

obtained with high accuracy. Thus, by varying the concentration of 

one particle in the sample while holding the concentration of the other particle constant, a 

relationship between the particle concentration and the respective optical coefficient can be 

determined. These relationships were then used for determining the necessary amount of each 

particle to add. An example is shown below.  
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Figure 20: Relationship between the mass of white paint added to a silicone sample and the scattering coefficient. 

Typical human breast values for the reducced scattering coeeffcient are ~10 – 15cm-1. 

 

Using such phantoms, manufactured at appropriate sizes, shapes and varying optical properties, 

we constructed breast simulating solid phantoms of various dimensions (6-10cm thickness, 

assuming a gently compressed breast). These phantoms were drilled with appropriate openings in 

which fluorescent inserts simulated the background tumor. Importantly, phantoms were made 

fluorescent and the fluorescent insert was appropriately engineered in volumes and contrast as 

found from the in-vivo mouse studies.    

 

Phantom measurements and simulations 

Clinical fluorescent imaging would require detection of fluorescent signals that have 

propagated for several centimeters into tissue. Fig 21 demonstrates the photon attenuation rate of 

different human tissues at 690 nm. It is shown that breast tissue and the adult lung attenuates 

NIR light one order of magnitude every 4 cm, the attenuation rate in denser breast and muscle 

approaches one order of magnitude every 3 cm and the attenuation rate in brain tissue is 

approximately one order of magnitude every 1.5 cm [36]. In terms of signal-strength, fig.21 plots 

fluorescence counts per second of exposure and mm
2
 of CCD detector area, as a function of 

organ diameter. This calculation is for a tumor-like lesion of 100µL volume and 100nM of Cy5.5 

concentration (10 pico-moles) located near the center of the various organs simulated. The 

simulation is based on experimental measurements obtained from a diffuse volume (similar to 

the one shown on fig. 22a but with varying outer diameter) using 30mW of illuminating power. 

The 10dB, 20dB and 30dB signal to noise (SNR) level achieved assuming shot-noise limited 

detection is also shown. This result indicates that fluorescence signals could be detected after 

propagation for several centimeters into tissue, which could potentially allow clinical imaging of 

fluorescent probes [36].   
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Figure 21: a) Average fluorescent photon counts expected at the periphery of the breast (and other organs) as a function of 

diameter due to a fluorochrome located 0.5cm off center as shown in the schematic on the left. Three SNR levels for shot-

noise limited detection are also plotted to indicate detection limits.  

This simulation approach was then employed to examine clinical detection based on the 

signals obtained in-vivo from the animal studies. We assumed tumors of different sizes with the 

corresponding fluorescence concentration activity resolved in-vivo (50 – 200 nM) and the 

background fluorescence recorded. The simulation assumed average optical properties for the 

breast, i.e. absorption coefficient of 0.4 cm-1 and reduced scattering coefficient of 12cm-1. The 

key results are summarized on Fig. 22. In particular it is shown that the minimum lesion that can 

be detected largely depends on the level of background fluorescence achieved. At the absence of 

background fluorescence, lesions as small as 4mm in diameter can be detected, however as non-

specific accumulation of fluorochrome may appear the sensitivity may significantly vary. 

Therefore methodologies that minimize background accumulation are essential for highly 

sensitive molecular-based detection in clinical breast cancer detection. This is reflected in Fig.22 

whereas three levels of background fluorescence are depicted, showing a rapid decrease in 

minimum lesion detected as the background fluorescence diminishes. In-vivo measurements 

revealed that background fluorescence in mice is of strength corresponding to ~20nM of 

equivalent Cy5.5 dye. We note that measurements of background fluorescence from mice do not 

reflect the clinical case scenario for human breast imaging. This is because the mouse 

measurement incorporate several diverse structures and organs, such as the heart, lung, muscle 

etc, which are different that the common adipose and parenchymal tissues seen in the breast. 

Accurate background fluorescence measurements can only be obtained by clinical 

measurements. Therefore the “background fluorescence” offsets shown in Fig.22 are only 

indicative of the overall behavior of the technology.  

Breast phantoms were then constructed using scattering resin material with controlled 

absorption and fluorescence properties, as shown in Fig.23. The phantoms were made of 
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Figure 22: Simulations shown that an increase in background 

fluorescence significantly limits the minimum lesion that can be 

detected through the human breast. Measurement assumed breast 

of 6 and 8 cm thickness gently compressed between two parallel 

plates. Black stars correspond to experimental determination of 

minimum lesion volume detected from phantom measurements. 

In all cases 150nM of Cy5.5 has been assumed or added in the 

fluorescence lesions.  

 
Figure 23. Solid phantoms simulating the human breast were 

constructed in various shapes and sizes. The phantoms contained 

openings so that tumors of various concentrations could be 

simulated. 

background optical properties as found in mice in-vivo (background fluorescence strength 

corresponding to 10-20nM of Cy5.5 fluorescence dye). Measurements of detection sensitivity 

and overall imaging were performed by immersing the phantoms in matching fluid after 

machining them to different thicknesses, i.e. 6cm and 8cm, which are common thicknesses for 

the gently compressed breast (see Ref.??). The minimum detected fluorescent legions for three 

different phantoms are also shown on Fig.22 as black stars, closely confirming the experimental 

observations. Varying in volume 

lesions were examined in each case, 

by injecting a larger amount of 

fluorochromes in drilled opening in 

the phantom. In all cases a worse 

case scenario was assumed, for 

volumes close to the center of the 

phantom. Correspondingly the 

fluorescence concentrations of the 

fluorochromes that were used to 

simulate tumors were 150nM in 

concentrations for lesions 

corresponding to 50-150micro-L 

lesions and 250nM for larger 

volumes. These properties were 

average properties found in-vivo in 

the animal measurements.   

The above simulations used 

properties found in-vivo from the 

animal measurements and 

propagated them to the clinical case 

using simulations and phantoms. 

Simulations utilized models based on 

the diffusion equation using average 

optical properties (and thus 

attenuation) for breast tissue. It has 

been shown that breast hererogeneity 

does not affect image reconstruction 

in fluorescence tomography based on 

the normalized Born approximation 

[30]. Therefore the observations 

herein accurate reflect overall 

performance in the human breast, 

even if homogenous models of 

photon propagation have been 

assumed.  
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SUMMARY AND CONCLUSION  

This study is perhaps the first such examination of the clinical utility of fluorescence 

molecular probes for breast cancer detection. To accurately address in-vivo considerations, this 

work focused a large part of the development to establish breast cancer animal models of 

spontaneous disease, using transgenic animal models. Compared to mouse xenographs, the 

Her2/neu model utilized herein is expected to more closely resemble human breast cancer 

development and present more realistic barriers in probe bio-distribution. As such it represent an 

accurate pre-clinical step towards clinical translation of fluorescence breast cancer imaging.  

A considerable portion of this development further focused on delivering an imaging 

method that takes into account the non-linearity associated with photon propagation in tissue and 

with heterogeneous optical properties, as those found in tissues in-vivo. The methodology 

developed offers a quantitative and high-fidelity imaging modality appropriate not only for small 

animal imaging but also for human breast imaging as well. Imaging of non-specific 

fluorochromes through the human breast had been previously shown by the PI of this proposal 

[15]. The work herein represents an important step towards practical molecular imaging of breast 

cancer in-vivo as it achieved two major milestones. The first was the use of molecular probes in 

breast cancer detection, in particular cathepsin- and matrix-metlaloproteinase- sensitive 

fluorescent molecules that could be also used clinically. This is the first time that pre-clinical 

imaging of such probes has been performed in a clinically relevant study. The second milestone 

achieved was the quantitative assessment of the utility of these probes in-vivo.  Quantification 

was achieved only via the methodology developed in this proposal, utilizing tomographic 

principles and accurate models of photon propagation in tissues. Further key development such 

as simultaneous imaging of molecular target and probe bio-distribution yielded an unprecedented 

level of accuracy and fidelity for fluorescence imaging applications.  

To reach closer to conclusions for clinical translation, simulations were performed for the 

clinical case in order to outline the clinical utility of the method, given the in-vivo findings on 

the animal models. Overall it was found that lesions of 5-7mm in size can be detected through 

the human breast, based on protease signals, assuming background fluorescence of equivalent 

strength to 10nM cy5.5 while higher background fluorescence reduces the size of the lesion that 

can be detected. This prediction is for the gently compressed human breast, between two parallel 

plates, to 6-8cm thickness and for the Cy5.5 or Cy7 dye. Protease markers are generic caner 

markers that can be applied to virtually all of breast cancers. Their specificity however may be 

reduced as they can be also activated in inflammatory, non cancerous lesions as well. To increase 

specificity but also potentially detection sensitivity we performed pilot studies with other bio-

markers as well, for example VEGF or other endothelial markers or estrogen receptors. In this 

particular cancer model the herceptin antibody proved efficient in findings even micro-cancer 

foci, even if 100% compatibility is expected between human herceptin and the animal receptor. 

We expect this to be a field receiving increasing attention, i.e. the identification of appropriate 

bio-markers for improving detection or treatment monitoring in breast cancer. Regardless, the  

particular biomarkers studied herein, i.e. particular cathepsin (B,S,L) and MMP 2/9 showed that 

reliable detection can be expected in lesions that are difficult to currently detect with standard 
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mammography procedures, while imparting the potential for increased specificity, since 

detection is based on a particular cancer biomarkers and not generic anatomical changes. 

 

 

Key Research Accomplishments – Year 1 
• Implementation of a system that combines 4 modes of illumination/detection namely 

reflectance, transillumination tomosynthesis and tomography for use in years 2 & 3 

• Construction of appropriate phantoms for testing imaging performance. 

• Establishment of appropriate animal breast cancer models. 

• Establishment of sensitivity limits for the detection of fluorochromes of better than 

10nM in 200µL volumes in the center of phantoms with breast optical properties.  

• Establishment that tomographic methods are superior to planar imaging methods as a 

function of depth, optical properties and heterogeneity and is the method of choice for 

subsequent studies in years 2 & 3.  Planar imaging methods will be important for 

scout studies, where quantification will be necessarily obtained from tomography or 

tomosynthesis.  

• Development of algorithms that are insensitive to background fluorescence and 

heterogeneity. 

• In-vivo imaging of the first animals with spontaneous breast cancer using protease 

activatable probes to detect cancer 

 

 

Key Research Accomplishments – Year 2 
• Establishment of own MMTVneu transgenic mouse colony and expansion to 

additional providers of appropriate animal models in interim. 

• Diversification to orthotopic implants of human mammary cell lines 

• Development of multi-spectral imaging analyses for improving the accuracy of the 

observation and providing internal controls. 

• Development of automatic – threshold statistical methods for inversion to eliminate 

user input and thus standardize quantification.  

• Imaging of 16 animals in single wavelength and 9 animals in dual wavelength studies.  

• Construction breast-like phantoms 

 

 

Key Research Accomplishments – Year 3 
• Confirmation of animal models using genotyping 

• Imaging of another 55 animals using dual-wavelength imaging employing probes 

revealing major cathepsins (B,S, L) and matrix metalloproteinases 2/9.  
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• Histological confirmation of samples and characterization of protease content by 

Western blots. 

• Statistical analysis of findings to yield performance as a function of tumor growth and 

tumor size.  

• Identification of minimum detection limits based on protease signals.  

• Construction of breast like phantoms and experimental measurements of minimum 

lesion detected  
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Reportable Outcomes Yr 1 & 2 
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